The purpose of the deployment was to obtain in situ hydrologic characterization data within the vadose zone of a high-level-waste tank farm. Eight sensor nests, ranging in depth from 67 m (220 ft) below ground surface (bgs) to 0.9 m (3 ft) bgs were placed in contact with vadose-zone sediments inside a recently drilled, uncased, borehole (C3360) located adjacent to Tank B-110. The sensor sets are part of the Vadose Zone Monitoring System and include advanced tensiometers, heat dissipation units, frequency domain reflectometers, thermal probes, and vadose zone solution samplers. Within the top meter of the surface, a water flux meter was deployed to estimate net infiltration from meteoric water (rain and snowmelt) sources. In addition, a rain gage was located within the tank farm to document on-site precipitation events. All sensor units, with the exception of the solution samplers, were connected to a solar-powered data logger located within the tank farm. Data collected from these sensors are currently being accessed by modem and cell phone and will be analyzed during the coming year (FY 2001).
Introduction
Knowledge of the water-potential gradient and hydraulic conductivity allows the calculation of water flux over the interval of measurement in a soil profile. Measurement of the water flux can in turn be used to estimate the hydraulic properties if the water-potential gradients are known. Such data allow the dominant flow direction in the vadose zone to be identified and can quantify recharge rates, a requirement for successful interpretation of existing contaminant plumes, for history matching in model calibration and for predicting future migration. Under ideal conditions (shallow, uncontaminated vadose zones), such information is easily obtained by monitoring water content and water pressure, and in some cases, the water flux can be directly measured during controlled infiltration experiments. Because of costs and worker safety, this approach is not readily applicable to contaminated soils within the U.S. Department of Energy (DOE) complex, and more innovative techniques are needed to get at this information. Waterflow direction is best determined from water-potential gradients measured using tensiometry. However, traditional tensiometers are limited to operating within a few feet from the ground surface and are fragile, difficult to maintain, and difficult to install, particularly in contaminated sites. Advanced tensiometers, developed at the Idaho National Engineering and Environmental Laboratory (INEEL), as described later in more detail, overcome these limitations. They are more robust and easy to maintain, even at depths exceeding 15 m (50 ft). As indicated, the addition of water content and water-flux measurements to water pressure provide a very strong suite of measurements that can be used to estimate recharge rates and rates of chemical transport. When linked to a data-acquisition and telemetry system, these sensors provide real-time measurements of changes in water pressure and water contents. These data, when correlated with water-flux measurements, changes in surface boundary conditions, and episodic changes in groundwater contamination levels, would allow important driving forces and transport mechanisms in the Hanford vadose zone to be identified. A combination of sensors packaged as a vadose-zone monitoringsystem (VZMS), designed to measure the water balance, pressure gradients, and related parameters, could provide a site with necessary characterization data for evaluating vadose-zone transport. With the need for in situ hydrologic data and current cost estimates of around $1M per borehole in tank farms, piggy backing vadose-zone monitoring systems with ongoing drilling programs can provide a very attractive option with the potential to save $10s of millions in characterization and monitoring costs at the Hanford Site. Similar savings can be expected at Los Alamos and INEEL.
In keeping with the overall objectives of the Subsurface Contaminant Focus Area, this project (RL31SS31) has focused on both developing and deploying instrumentation and methods that can be used to improve the hydrologic characterization of the vadose zone at the Hanford Site. One of the key areas where characterization information is needed is at tank farms where leaks of high-level waste fluids have occurred. An objective of this project is to deploy suitable vadose-zone sensors for hydrologic characterization within a tank farm at Hanford. To accomplish this objective, Pacific Northwest National Laboratory (PNNL) teamed with INEEL, Duratek, and CHG and installed a VZMS within the B Tank Farm in the 200 E Area of the Hanford Site during the fourth quarter of FY 2001. The following sections describe the specific sensors used, the deployment activity, the final in-place sensor configuration, and the monitoring strategy for documenting the hydrologic conditions of the subsurface at the B Tank Farm.
Materials and Methods
In situ hydrologic characterization of the vadose zone has evolved over the past few years to include key measurements of water content, soil water (capillary) pressure, temperature and chemical concentration. Knowledge of these state variables is essential to developing a more complete understanding of vadose-zone processes and provides dynamic input to numerical model calibration and verification efforts. In addition to the state variables, soil-water-flux data are also monitored. The VZMS is used to measure the hydrologic parameters described above. While the VZMS does not provide chemical concentrations directly, it provides for obtaining soil water samples by means of a vacuum lysimeter that can be analyzed in the laboratory. Recent developments also have allowed water flux in the vadose zone to be monitored more easily. Because no single sensor is capable of monitoring all of the key variables in the vadose zone, suites of sensors are required in the VZMS. Using a suite of sensors allows for concurrent measurements of state variables and also provides the characterization and monitoring data needed to further identify flow paths and mechanisms that previously have not been considered in transport models. We briefly describe the sensors that were deployed and the rationale for their use for subsurface monitoring at the tank farm. Advanced tensiometers, heat-dissipation probes, water-content sensors, solution samplers, temperature sensors, and the water-flux meter are described in turn.
Advanced Tensiometers
Tensiometers (water-filled porous cups attached to a pressure transducer) are used to measure water pressures (capillary pressures) in the operational range from 0 to -700 mbar. Tensiometers can also be used to measure positive pressures in soils that are saturated and thus act as piezometers for monitoring perched water bodies or water-table elevations. Advanced Tensiometers (Sisson and Hubbell 1999 ) (ATs) incorporate the pressure transducer directly into the porous cup to minimize the length of the water column that hydraulically connects the pressure transducer to the cup. By minimizing the water-column length, the tensiometer performance is enhanced by virtually eliminating or minimizing several problems encountered in conventional tensiometers-namely, excessive thermal noise, sluggish response, and limited depth placement Sisson 1996, 1998; Sisson and Hubbell 1999) . Placement of the pressure transducer, porous cup, and the water column at depths where diurnal temperature fluctuations are dampened minimizes the problem of thermally affected fluid movement into and out of the tensiometer. In addition to reducing the noise level from temperature fluctuations, the length of time between refilling the tensiometer was extended from once per week to once per year or longer, depending on the depth of placement and the in situ capillary pressures. The short length of the sealed portion of the AT makes it possible to be placed at almost any depth ( Figure 1 ). The design for the Hanford Site tank farms was modified from a series of observations suggesting that for the most part, capillary pressures in Hanford sediments, are within the range of 0 to -100 mbar. Based on these anticipated pressures, the water losses from the cups should be very low and so the life of the units can be extended almost indefinitely in the wet-draining sandy sediments by optimizing the volume of water in the tensiometer. Such sediments are present in abundance in the subsurface at most Hanford waste sites. The high anticipated water potential and limited access to the site for refilling the instrument combined to make this design more applicable than the standard configuration for this particular site. Based on these observations, the tensiometer was constructed so that it could be filled and sealed in place. The basic AT design was slightly modified to remove the outer and inner guide pipe that normally extends to the land surface and enlarges the water reservoir. The pressure transducers used in the tensiometer are a type that can over-range beyond the typical pressure limit of 15 psi. The pressure sensor (Motorola MPX-4250A, Denver, Colorado) is placed adjacent to the measurement location so that no further manipulation of pressure data is required. The pressure range of the sensor will allow the detection of perched water if the sediments become saturated. Calibrations of the tensiometers are reported in Table 1 . 
Heat-Dissipation Probes
The heat-dissipation unit (HDU) is used to measure soil water pressure and is commercially available from CSI, Logan, Utah (e.g., model 229 L). The HDU consists of a special ceramic body with a temperature sensor and a heater imbedded in the center (Figure 2 
.).
A short heat pulse is generated in the porous ceramic, and the heat dissipation is related to the water content of the ceramic, which in turn is related uniquely to the water pressure in the surrounding media. Reece (1996) has shown that these units are quite reliable in the pressure range from -100 mbar to -10000 mbar or more. The HDU provides a redundant measure of capillary pressure and operates in a range beyond where the normal tensiometers operate (i.e., 0 to -0.7 bar). HDUs have been used successfully at Hanford in the 200 E Area to measure water pressures in silt loam soils that cover the prototype surface barrier (Ward et al. 1997) . It is expected that these units will work best in soils that have drained such that their capillary pressures are drier than -100 mbar (the typical air entry value for the porous ceramic). The HDUs were calibrated in the laboratory using Hanford sediments at three different water contents. Calibrations of the HDU units are reported in Appendix A.
Water Content Sensors
The water-content sensors were fabricated using a CS505 fuel-moisture sensor (Campbell Scientific, Logan, Utah) attached to brass electrodes mounted on a foam backing material (Figure 3) . The watercontent sensor is lowered to depth, and the electrode-foam-pad assembly is forced against the borehole wall. Figure 3 is a picture of the water-content assembly. The water-content sensors were calibrated in Hanford sediments obtained at the Buried Waste Test Facility in the 400 Area Hanford, Washington. The calibration procedure consisted of packing the sensors in a 15.88-cm (6.25-in.) diameter column of oven dried sediments, obtaining a sensor output, saturating the column using tap water, and then obtaining another sensor output. The two outputs were used to compute a linear calibration for each sensor. The calibration results and the location where the data can be found in the data-logger output file are presented in Appendix A. The depth to which each water-content sensor was installed is listed in Table 1 . 
Temperature Sensors
The temperature sensors used are the AD952 solid-state precision temperature transducers (Analog Devices, Norwood, MA 02062-9106). The factory calibration curves are used to convert the sensor outputs to subsurface temperatures. The factory calibration indicates that the sensors have a precision of 0.5 K over the temperature range of -25 to 105ºC. The sensors have a current output of 1 microamp/K, and the current was estimated by the voltage drop across a 250 0.1% ohm resistor. Thus, the calibration equation for each sensor is T( C) = 4*mV-273, where the mV in the voltage drop across the 250-ohm resistor is in millivolts. It should also be noted that the HDU sensor has a thermocouple ( Figure 2 ) so that there is a redundancy in temperature measurements.
Solution Samplers
The solution samplers are standard model 1940 and 1920 solution samplers constructed with 1-bar high-flow ceramic cups (Soil Moisture Equipment Co., Santa Barbara, California). These sampling units were constructed with the upper end of the ceramic sealed with a plug that accommodates two 0.635-cm (0.25-in.) plastic lines. The lines, which extend to the soil surface, run to an environmental box that is located beneath the data logger. The lines are used for pressurization and sample collection. When solution samples are to be collected, a negative pressure is applied for a given period of time (e.g., 0.5 h or longer, dependant on field conditions ), and then the line is pressurized to remove the water sample. This pressure forces the liquid sample out of the cup and up into a collection system at the surface. Since the samples are in a radiation zone and some of the samples may be radioactive, a sample procedure will be developed for sample collection and analysis before removing any samples. Sampling will be done in consultation with CHG for additional characterization data from the B tank farm arise. Figure 4 shows the VZMS system before installation in the B Tank Farm at well C3360 with the full array of instruments. Not shown in the picture are the temperature sensor and the water flux meter that is described in the following section. Water Flux Meter Figure 5 shows an idealized cross section of the PNNL water flux meter (WFM). The WFM is similar in design to a miniature drainage lysimeter. The WFM unit allows the draining water to percolate into a glass wick that has a tension control of about 60-mbar suction. The tension control and the extension of soil above the wick combine to limit the diversion of water around the meter, which is often one of the limitations of mini-lysimeter units. The bottom of the WFM unit was installed in the borehole at about the 1.8-m (6-ft) depth. The top of the unit is 20 cm (8 in.) from the surface and is covered with gravel fill (i.e., the material that covers the B tank farm). No vegetation is growing on the tank farm surface, so significant drainage from winter precipitation is expected to occur at this site. The flux meter will provide the net infiltration data needed to determine the rate of flux in the near surface throughout the year. The WFM unit will require some time to equilibrate with the surrounding sediments. 
Data Logger
A Campbell Scientific CR 23 (Logan, Utah) is used to collect and store the field data from the advanced tensiometers, heat-dissipation sensors, temperature sensors (downhole and at instrument panel), and water-flux meter. Data are collected on a regular daily interval and stored in the internal memory. The data logger is powered by a battery that is recharged by a solar panel so that it is not affected by power outages. The data can be accessed using a cellular phone for remote data collection. The entire package has been designed to allow continuous long-term unattended data collection, required for detecting episodic infiltration events, characteristic of arid sites.
Installation Method
The starting condition of the borehole was a freshly drilled 0.2-m (0.66-ft) diameter hole that was steel cased with bentonite at the bottom. The casing was pulled a few ft, and a 0.3-m (1-ft) layer of sand was placed at the bottom to reduce the chance of the VZMS assembly coming to contact with the bentonite. The VZMS assembly was lowered to the bottom of the hole, and the water-content sensor was set against the borehole wall using its attached lever arm. The process of seating the sensor against the wall was monitored with the aid of a down-hole video system. Once the VZMS was placed satisfactorily, the assembly was grouted in place with a silica flour slurry. The grout was allowed to settle a few minutes, and a sand plug was added on top of the grout. If the grout had not drained to a firm condition, it was found that the sand penetrated into grout until a firm hole resulted. Once a firm bottom was obtained, as evidenced by the feel of the tag line used to monitor backfill placement, the hole was backfilled with bentonite as casing was being pulled to the depth of the next installation. At the level of the next VZMS assembly, less 0.3 m (1 ft), a 0.3-m (1-ft) layer of sand was added the sensor assembly inserted. This methodology was repeated up to the 6.2-m (20.4-ft) bgs depth, where the backfill materials were switched to sand and native materials. A PNNL soil WFM was installed at 6 bgs and extends to within 20 cm (8 in.) of ground surface.
The sensor locations are listed in Table 1 . Calibration tables are shown in Appendix A. The wellcompletion report is listed in Appendix B, where a complete listing of backfill materials, their precise placement, and depths of sensor assemblies is provided.
Initial Data
Data from Well C33600 are shown in Figures 6 through 11 . The soil water pressure data are shown on Figure 6 . Since the pressure sensor used to monitor pressure in the tensiometers senses ABSOLUTE pressure, the data exhibit considerable barometric noise. There is a barometric sensor on the data logger that will be used to correct the pressures for the barometric changes. However, it was determined that the barometric sensor is not correctly wired and is producing irrelevant results. In lieu of the actual barometric sensor, daily barometric averages of pressure as reported by the Hanford Meteorological Station (HMS), corrected for the altitude difference between the HMS and the 200E Area, were used.
It was expected that the pressure data would show larger fluctuations over time as a result of the effect of adding fairly large volumes of water with the silica flour grout during the backfilling process. This indicates that the backfilling process used may have resulted in rapid equilibration in pressure between the backfill material and the surrounding sediments. We have used dry backfill material in the past, and it has typically resulted in equilibration times of several weeks. The tensiometer installed at the 1.8-m (15-ft) depth shows erratic behavior that is probably due to sensor malfunction, while the rest of the tensiometers give quite steady readings. Even so, all of the tensiometers give readings within the expected range. Continued monitoring will provide the data needed to determine if the backfill is in a state of equilibrium with the surrounding soil. Figure 7 shows the total water potential at Well C33600. This is the sum of the matric potential as measured by the tensiometers and the gravitational potential resulting from height above the water table. The dashed line indicates the gravity head. The measured points are all slightly to the left of the gravity head line, indicating that unit gradient conditions exist at the site. 
Discussion
The B Farm installation is the first installation of the VZMS in the sands and gravels at Hanford. Previous installations have been in finer textured materials or in rock. Information gained from the B Farm installation may provide guidance for modifying the electrode geometry to better track changes in water content. A preliminary examination of the data collected at the B110 borehole indicates abnormally high water-content readings at the 66.4-and 68.9-m (218-, and 226-ft) depths. A similar behavior has been observed in the laboratory when saline solutions greater than 200 mS/m (2 mmho/cm) were used for calibrating the sensors. Thus, adding a salinity sensor into the VZMS sensor assembly is recommended. Also having estimates of the electrical conductivity of the soil water-solution samples could be useful. These data are obtainable once the vacuum lysimeters are activated. The tensiometers used in the B Farm installation are of a new design. The new design was done to provide a surface completion such that no pipe or casing would protrude above ground surface. Previous VZMS installations had access tubes from the tensiometers that protruded above ground surface. The access tubes provided for refilling and purging gases from the tensiometer. However, experience has shown that the tensiometers were capable of operating over extended periods without accumulating excessive volumes of soil gases. This experience led to the new design. Thus, it is recommended that the performance of the new design be evaluated for possible further improvements. After the B Farm installation, the design of the tensiometer has been simplified, although it is still more complex than the original advanced tensiometer design.
B110 Capillary Pressure
The inclusion of temperature sensors into the VZMS assembly is also a first. These data will be important to evaluating sensor behavior and evaluating chemical-transport behavior. The solid-state sensors were chosen because their current output provided a low noise signal and a reliable interface with the data logger.
Overall, the performance of the B Farm VZMS has and will continue to provide designs that are more advanced for tank-farm monitoring systems. Also it is expected that as data become available and are used by others, additional sensors may be added to the VZMS.
